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Hydrogen/deuterium (H/D) kinetic isotope were estimated based on differences in zero-point energy (ZPE) between the transition state and the reactant structures,
where k B is Boltzmann's constant and T=310 K. ZPEs were computed by estimating the molecular Hessian numerically, and kinetic isotope effects were computed by replacing the mass of the transferring hydrogen to a deuterium atom. Approximate quantum corrections were evaluated by the Wigner corrections, 12 κ Wigner = [1 + 6 (hν H ‡ /12
where h is the Plank constant, and ν H ‡ and ν H ‡ are the imaginary frequencies of the transition state structures for the hydrogen and deuterium species, respectively. Approximate electron transfer rates were evaluated based on the Moser-Dutton ruler, 13 log(k eT ) = 13 -(1.2 -0.8ρ) (r [Å]-3.6) -3.1 [eV -1 ] 
where ρ is the protein packing density, typically 0.76, r is the edge-to-edge donor-acceptor distance, ΔG is the free energy of the eT transfer process, and λ is the reorganization energy.
Molecular dynamics simulations
Classical atomistic molecular dynamics (MD) simulations were performed based on the crystal structure of the hydrophilic domain of complex I from Thermus thermophilus (PDB ID: 3IAM), 1 by including subunits Nqo1, with the NADH/FMN cofactors, Nqo2, Nqo3, and Nqo15 in the structural model. The protein was solvated in a water box with TIP3P water molecules, and neutralized with a 100 mM NaCl, leading to a system with ca. 170,000 atoms. MD simulations were performed at constant pressure of 1 bar and a temperature of 310 K in an NPT ensemble. A time step of 2 fs was used to integrate the equations of motion, and long-range electrostatic interactions were treated by the Particle Mesh Ewald (PME) method. The CHARMM36 force field 14 was used to describe the protein, the NAD(H) substrate and solvent, whereas the FeS centers and FMN were modeled with in-house derived parameters from DFT calculations. Charge distributions of the N1a and N3 were parametrized for both oxidized and reduced states. MD simulations were performed with NAMD2, 15 and visual molecular dynamics (VMD) was used for analysis. 16
QM/MM models
Hybrid QM/MM calculations were performed based on classically-relaxed MD snapshots of the hydrophilic domain of complex I. The QM region comprised 132 atoms, including the NADH nicotinamide and ribose rings, the FMN isoalloxazine ring and ribityl moiety, and the sidechains of Asn92, Glu97, Tyr180, Asn220, Ser296 and Thr325 of Nqo1 subunit. The QM/MM boundary was described by the link atoms scheme. The classically relaxed structures were geometry optimized at the QM/MM level using the Adopted Basis Newton-Raphson algorithm, by relaxing the environment within a 15 Å region from the QM site. QM/MM potential energy surfaces (PES) for the NADH/FMN PCET reaction were calculated along the difference between the r 1 (NADH C4 -H) and H and r 2 (FMN N5 -H) bonds, R=r 1 -r 2 (Figure 2A , inset). The reaction coordinate was sampled from reactants, R = -1.5 Å, to products, R = +2.5 Å, using a harmonic potential restrain with a force constant of k = 3000 kcal mol -1 Å -2 . During optimization of the PES, the QM region and the MM surroundings within a 15 Å sphere centered on atom N5 of FMN were allowed to relax. The QM subsystem was treated at the B3LYP-D3/def2-SVP, and the MM subsystem was described by CHARMM36 force field. 17 All QM/MM calculations were performed with the CHARMM/TURBOMOLE interface. 18
Models of the N1a center from E. coli
Homology models of the NuoE-NuoF subunits from E. coli (Nqo1-Nqo2 in T. thermophilus) were generated based on the E. coli sequence based and the crystal structure of the hydrophilic domain of complex I from T. thermophilus (PDB ID: 3IAM) 1 using Modeller 9.19. 19 The resulting models were employed to construct DFT models of the E. coli N1a center. The DFT models comprised ca. 180 atoms, including the Fe 2 S 2 central core, the coordinating Cys92, Cys97, Cys133, Cys137 of NuoF, protein backbone atoms in hydrogen-bonded contact with the central FeS-core, and protein side-chains in the proximity of the Fe 2 S 2 center, including Asn100, Lys139, Asn142 of NuoE subunit, and Arg102 and Arg133 of NuoF subunit, located at the NuoE-NuoF interface.
Models of the N1a center from Mus musculus
DFT models of the mammalian N1a center were built based on the cryo-EM structure of complex I from Mus musculus (PDB ID: 6G2J). 20 The models contained the Fe 2 S 2 core, its four coordinating cysteine residues Cys103, Cys108, Cys144, Cys148 of Nduv2 subunit (Nqo2 in Thermus thermophilus), protein backbone atoms in hydrogen-bonded contact with the sulfur atoms of the Fe 2 S 2 core, and side-chains of Arg108 and Arg139 of Nduv1 subunit (Nqo1 in Thermus thermophilus), located at the Nduv1-Nduv2 interface, comprising in total ca. 170 atoms.
II. DISCUSSION

Does FMNH 2 form during the PCET reaction?
Formation of FMNHstrongly increases the proton affinity of the flavin by ca. 10 kcal mol -1 ( Figure S10 ), which implies that if the eT reaction to the nearby FeS centers is kinetically slow, it could result in the formation of an FMNH 2 species. cf. 21,22 However, we find that the NAD + /FMNH 2 species has a ca. 30 kcal mol -1 higher electron affinity than the respective NAD + /FMNHcouple in the DFT models, rendering the eT process to the nearby FeS thermodynamically difficult, as long as NAD + remains bound to the flavin. Indeed, if we localize the electron on N1a or N3, it immediately transfers back to the NAD + /FMNH 2 pair. Our calculations also suggest that the PCET barrier between NADH/FMNH in presence of this extra proton on the flavin is ca. 6 kcal mol -1 due to the increased exergonicity of the reaction ( Figure S10 ). Although hybrid functionals have a tendency to underestimate reaction barriers, we note that this barrier is considerably lower than the experimental barrier of ca. 12 kcal mol -1 (see main text) Protonation of FMNHcould also take place by pT from a protonated Glu97, but due to sterical clashes (see Figure 5A , main text), our models suggest that this would require NAD + to dissociate away from the binding site, which is expected to take place on millisecond timescales. 23 FMNH 2 is thus unlikely to accumulate during rapid turnover with fast eT to nearby FeS centers relative to the proton uptake from solution or Glu97. Movie S1. Spin density in PCET reaction between NADH and FMN.
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Movie S2. Highest occupied molecular orbital (HOMO) in PCET reaction between NADH and FMN.
